We have made a detailed phenotypic characterisation of the type strains of 21 species within the genus Halomonas and have also studied any possible intraspecific variation of strains within H. eurihalina, H. halophila, H. maura and H. salina. We used 234 morphological, physiological, biochemical, nutritional and antimicrobial susceptibility tests. Nutritional assays were carried out using both classical and miniaturized (BIOLOG system) identification methods. Two different numerical analyses were made using the TAXAN program; the first included the differential data from all the tests carried out whilst the second used only the 57 tests with the highest diagnostic scores (≥ 0.5). The results of both analyses were quite similar and demonstrated the phenotypic heterogeneity of the Halomonas species in question. At a 62% similarity level the type species were grouped into three phena, the main difference between them being the capacity of those included within phenon A (H. aquamarina, H. meridiana, H. cupida, H. pantelleriensis and H. halmophila) to produce acids from sugars. The species grouped in phenon C (H. campisalis, H. desiderata and H. subglasciescola) used fewer organic substrates than the others. The remaining strains were included in phenon B. H. marisflavi was clearly distinct and thus was not included in any of the three phena. High phenotypic similarity (more than 88%) was found between Halomonas campisalis and Halomonas desiderata. The results of our work should allow researchers to minimise the tests required to arrive at a reliable phenotypic characterisation of Halomonas isolates and to select those of most use to differentiate Halomonas species from each other.
Introduction
Extremophiles are microorganisms that grow under conditions hostile to most organisms (HORIKOSHI, 1997) . Some of them, such as bacteria which thrive in hypersaline environments, have been recognised for their potential use in biotechnological applications (GALINSKI and TINDALL, 1992; VENTOSA and NIETO, 1995; AGUILAR, 1996) . Thus extensive studies have been made in recent years into hypersaline environments, resulting in a large number of new halophilic species being isolated.
The family Halomonadaceae included initially two genera of halophilic bacteria, Halomonas and Chromohalobacter, and the genus Zymobacter, which comprised non-halophilic microorganisms (FRANZMANN et al., 1988; DOBSON and FRANZMANN, 1996) . Very recently, however, ARAHAL et al. (2002) have proposed that the genus Carnimonas should be included in this family. VREELAND et al. (1980) originally described the genus Halomonas with only one species, H. elongata, but currently Halomonas includes 22 species, some of them previously assigned to other genera, such as Arthrobacter (COBET et al., 1970) , Deleya (AKAGAWA and YAMASATO, 1989; BAUMANN et al., 1972; BAUMANN et al., 1983; QUESADA et al., 1984; VALDERRAMA et al., 1991 ) Flavobacterium (VOLCANI, 1940 , Halovibrio (FENDRICH, 1988) , Paracoccus (KOCUR 1984) , Pseudomonas (ROSENBERG, 1983; HEBERT and VREELAND, 1987) and Volcaniella (QUESADA et al., 1990) . Other species, however, have only been described more recently as members of the genus Halomonas (FRANZ- MANN et al., 1987; JAMES et al., 1990; BERENDES et al., 1996; ROMANO et al., 1996; MORMILE et al., 1999; DUCK-WORTH et al., 2000; BOUCHOTROCH et al., 2001; YOON et al., 2001; YOON et al., 2002 (ARAHAL et al., 2001a (ARAHAL et al., , 2001b .
Our aim has been to describe phenotypically the type strains of 21 species of the genus Halomonas, studying a large number of characteristics by means of a reliable, consistent, reproducible approach. For nutritional assays we used both classical and automated (BIOLOG) tests and therefore our results have allowed us to evaluate the application of automated methods to the phenotypic identification of such bacteria. We have also selected those tests which we consider to be most valuable for identifying new isolates belonging to the genus Halomonas and for differentiating species from each other. The results of our study should go a long way to clarifying the classification of bacteria included in this heterogeneous genus.
Materials and Methods

Bacterial strains
We T . To determine intraspecific variation for some selected species we studied 38 strains of Halomonas halophila (QUESADA et al., 1980) ; 26 strains of Halomonas salina (VALDERRAMA et al., 1991) ; 19 strains of Halomonas eurihalina (QUESADA et al., 1984) and 4 strains of Halomonas maura (BOUCHOTROCH et al., 2001 ).
Maintenance and basal medium
MH medium (QUESADA et al., 1983) with 7.5% (w/v) sea-salt solution (RODRÍGUEZ-VALERA et al., 1981) was used to maintain the strains, to prepare the inocula and as the basal medium for phenotypic tests, unless otherwise stated. The pH was adjusted to 7.2 with 1M NaOH except for the media used for growing H. magadiensis and H. campisalis, which were adjusted to pH 9.
Morphological tests
Gram staining and motility were determined in 24-hour cultures in liquid MH medium. Poly-β-hydroxybutyric acid (PHB) staining was done in 5-day cultures using the method of STANIER et al. (1966) . The morphology and size of colonies and the production of diffusible and non-diffusible pigments and exopolysaccharide were examined in MH medium after 3 days' incubation.
Physiological tests
Growth at different salt concentrations was determined by spreading 20 µl of each inoculum onto the surface of solid MH media with sea-salt concentrations of 0, 0.5, 1, 3, 5, 7.5, 10, 15, 20, 25 and 30% (w/v) . The pH growth range was determined in a similar way on MH media in which the pH had been adjusted to 5, 6, 7, 8, 9 or 10 with HCl or NaOH. The temperature range was determined as above by incubating the bacteria at temperatures of 4, 15, 20, 25, 32, 37 and 45 °C. The ability to grow anaerobically was evaluated on solid MH medium incubated in jars with the Gas Pak Anaerobic System (BBL).
Biochemical tests
Oxidase reaction was performed according to KOVACS, 1956 . Catalase was determined by adding 10 volumes of H 2 0 2 to each strain culture (18 h) on solid MH medium.
Acid production from carbohydrates (adonitol, L-arabinose, D-fructose, D-galactose, D-glucose, myo-inositol, lactose, maltose, D-mannitol, D-mannose, D-melezitose, L-rhamnose, sucrose, D-salicin, D-sorbitol, sorbose and D-trehalose) was detected in liquid MH medium. Doubtful results were checked in Leifson medium (1963) modified for marine bacteria and containing large quantities of sugars. The consumption of glucose, either by oxidation or fermentation, was studied in MH medium to which 1% (w/v) glucose had been added. The medium was put into Weimberg tubes and the inoculum deposited at the bottom of the tube with the aid of a Pasteur pipette; after inoculation the tubes were sealed with 2 ml of agar (2% w/v) and 2 ml of paraffin. Respiration in fumarate, nitrate and nitrite was studied by the same procedure, the medium being supplemented with potassium nitrate (2 g/l), potassium nitrite (2 g/l) or sodium fumarate (0.8 g/l) (CALLIES and MANNHEIM, 1978) .
H 2 S production was tested in liquid MH medium supplemented with 0.01% (w/v) of L-cysteine; the indicator was a strip of paper impregnated with lead-acetate placed in the neck of the tube (CLARKE, 1953) . To assay nitrate reduction 0.2% (w/v) KNO 3 was added to the liquid MH medium. Nitrite was detected with naphthylamine/sulphanilic acid reagents and residual nitrate with zinc dust; gas production was detected in inverted Durham tubes (SKERMAN, 1967) .
Gelatine hydrolysis was tested by flooding cultures on solid MH medium containing 1% (w/v) gelatine, with the Frazier reagent (1926) . Casein hydrolysis was indicated by a clear zone around bacterial growth on double-strength solid MH medium plus an equal quantity of skimmed milk (BARROW and FELTHAM, 1993) ; negative results were confirmed using the Frazier reagent. Starch hydrolysis was tested by flooding cultures on solid MH medium containing 1% (w/v) starch with Lugol's iodine (BARROW and FELTHAM, 1993) . Hydrolysis of Tween 20 and Tween 80 was tested on solid MH medium supplemented with 1% (w/v) of separately autoclaved Tween 20 and Tween 80 (SIERRA, 1957 ). Phosphatase production was tested on solid MH medium with 10 ml/l of a filtered, sterilised solution of sodium phenolphthalein diphosphate (1%) by exposure to a concentrated ammonia solution (BAIRD-PARKER, 1963) . DNAse activity was revealed on DNA agar supplemented with 7.5% (w/v) sea-salt solution (RODRÍGUEZ-VALERA et al., 1981) by a clear zone after flooding with 1N HCl (JEFFREIS et al., 1957) . Haemolysis was studied in solid MH medium supplemented with 5% (v/v) lamb's blood. Growth on MacConkey or Cetrimide-agar was assessed on these media prepared with 7.5 % (w/v) sea-salt solution. The lecithovitellin test was carried out according to LARPENT and LARPENT-GOURGAND (1957) using solid MH medium. Tyrosine hydrolysis was revealed by clear zones in cultures on solid MH medium containing 5 g/l tyrosine (GORDON and SMITH, 1955) ; pigment production was also detected in this medium. Aesculin hydrolysis was determined by adding 0.1% (w/v) aesculin and 0.05% (w/v) ferric citrate to MH medium (BARROW and FELTHAM, 1993) .
Selenite reduction was determined according to LAPAGE and BASCOMB (1968) with a 4 g/l concentration of sodium hydrogen selenite. Gluconate oxidation was tested according to SHAW and CLARKE (1955) . The ONPG test was carried out by adding 250 ml of a solution containing 6 g/l O-nitrophenyl-β-D-galactopyranoside in 0.01 M Na 2 HPO 4 to 750 ml of liquid MH medium (LOWE, 1962 ). Indol production was tested in liquid MH medium using Kovacs' reagent (1928) . Methyl red and VogesProskauer were tested using methyl red and Barrit's reagent (1936) respectively. Urea hydrolysis was detected with Christensen's medium (1946) and phenylalanine deamination was assessed on phenylalanine agar (Difco), both media prepared with 7.5% (w/v) sea-salt solution (RODRÍGUEZ-VALERA et al., 1981) .
Lysine and ornithine decarboxylases were tested according to BARROW and FELTHAM (1993) .
Nutritional tests
Nutritional assays were made using both classical and miniaturized automated methods. For the former we used Koser medium (1923) as modified by VENTOSA et al. (1982) , (%, w/v): NaCl, 7.5; KCl, 0.2; MgSO 4 .7H 2 O, 0.02; KNO 3 , 0.1; (NH 4 ) 2 HPO 4 , 0.1; and KH 2 PO 4 . 0.05 filter-sterilised substrate (0.1% w/v) was added to this medium, with the exception of carbohydrates, which were used at 0.2% (w/v). When amino acids were used as substrates the basal medium contained neither KNO 3 nor (NH 4 ) 2 HPO 4 . The organic compounds used as sole source of carbon and energy or sole source of carbon, nitrogen and energy were the following:
Nutritional tests on 95 substrates were also performed with the BIOLOG GN2 automated identification system (Hayward, California). Strains were grown on solid MH medium containing 7.5 % (w/v) total salts at 32 °C for 24 h and then suspended in a sterile solution of 7.5 % (w/v) salts. Cell density was adjusted to an OD 590 of between 0.34 and 0.39. The BIOLOG GN2 microplates were immediately inoculated with 125 µl of cell suspension per well and incubated at 32 °C for 24 h. Substrate oxidation was measured with a microplate reader at 590 nm.
Antimicrobial susceptibility tests
Antimicrobial susceptibility was assayed using the diffusion agar method (BAUER et al., 1966) . The antimicrobial compounds (BBL) were: amoxicillin 25 µg, ampicillin 10 µg, carbenicillin 100 µg, cefoxitin 30 µg, cefotaxime 30 µg, chloramphenicol 30 µg, erythromycin 15 µg, kanamycin 30 µg, nalidixic acid 30 µg, nitrofurantoin 300 µg, polymyxin B 300 UI, rifampycin 30 µg, streptomycin 10 µg, sulphamide 250µg, tobramycin 10µg and trimetroprim-sulphametoxazol 1.25 µg-23.75 µg.
Numerical analyses
Differential characteristics of type strains were coded in binary form; positive and negative results were coded as 1 and 0 respectively; non-comparable or missing characteristics were coded as 9. Data were submitted to cluster analysis using a simple matching coefficient (S SM ) (SOKAL and MICHENER, 1958) and clustering was achieved by the unweighted-pair-group method of association (UPGMA) (SNEATH and SOKAL, 1973) . The TAXAN program (Information Resources Group, Maryland Biotechnology Institute, University of Maryland, College Park, HD20742, USA) was used for computer analysis. Test error was evaluated by examining 10 strains in duplicate (SNEATH and JOHNSON, 1972) .
Determination of test scores
To determine which tests were the most diagnostically conclusive in the numerical analysis for differentiating between phena we applied Sneath's formula (1980): Score = where P iA , P iB and P iC are the probabilities of character i, in phena A, B and C, and q the number of taxa. The tests with scores higher than 0.5 were considered to have most value for differentiating between the strains. With these tests we made a second numerical analysis using the same methodology as that described above.
Chi-squared analysis and contingency coefficient
To determine to what extent the phenotypic description of a given type species represents all the strains included in the species we performed a chi-squared analysis and the contingency coefficient (Milton 1994) on four selected species previously described by us: H. halophila, H. eurihalina, H. salina and H. maura.
Results
The type strains of 21 species belonging to the genus Halomonas were submitted to extensive morphological, physiological, biochemical, nutritional and antimicrobial susceptibility tests, using the same growth conditions for all the strains, except for H. magadiensis and H. campisalis, as we have indicated above. These conditions were chosen as being suitable for the growth of the wide range of species in question. We also incorporated into our study other strains of H. halophila, H. eurihalina, H. salina and H. maura to make intraspecific comparisons.
The results of the numerical analyses are shown in Figures 1 and 2 . The estimated test error was less than 3% in either case, which would not affect the cluster analysis significantly. No test was found to be so irreproducible (test variance ≥ 0.2) as to be excluded from the data matrix. Nevertheless, we did not use the following parameters: colony size and appearance, rod-shape and size, and optimum salt concentration for growth due to their being somewhat subjective and difficult to evaluate. The tests responsible for most errors were those referring to lysine and ornithine decarboxylases, gluconate oxidation and acid production from L-arabinose, L-rhamnose and sorbose. Figure 1 contains the numerical analysis carried out using 205 differential phenotypic data of type strains (Table 1 ). At a 62% similarity level most of the type strains were grouped into three phena (A, B and C), the main difference between them being the capacity of the bacteria included within phenon A to produce acids from all the sugars tested. Halomonas campisalis, Halomonas desiderata and Halomonas subglaciescola formed a separate cluster (phenon C) due to their using few substrates when tested with either classical nutritional methods or the BIOLOG GN2 system. H. campisalis and H. desiderata showed high similarity (more than 88%) between each other. H. marisflavi did not cluster with the rest of the strains at this 62% similarity level. Figure 2 contains the numerical analysis carried out using the 57 most conclusive diagnostic tests (those with scores of 0.5 or above; Table 2) . At a similarity level of 62%, we obtained the same clustering as in Figure 1 , although some strains changed their position slightly in relation to the other species. For example, H. marisflavi becomes more closely related to the species included in phenon A because it is able to produce acids from sugars. On the other hand, H. eurihalina, H. variabilis, H. venusta and H. magadiensis appear more closely related to each other.
All the strains studied were Gram-negative rods, produced catalase, reduced selenite, and grew at pH values of between 8 and 10; at sea-salt concentrations of between 3% and 15% (w/v) and at temperatures between 20 °C and 37 °C. Colonies on MH medium containing 7.5% (w/v) salts were circular, convex and slightly opaque with completely smooth edges. They were 2 to 3 mm in diameter after 72 h at 32 °C, except those from EPS-producing bacteria, which formed larger colonies (more than 5 mm). They tested negative for the following: diffusible pigment, Indol, methyl red, VogesProskauer, respiration on fumarate, growth with L-cysteine. α-OH-butyric acid, α-keto-butyric acid, and α-keto-valeric acid from BIOLOG GN2 were also negative for all strains.
Most of the type strains of Halomonas species were capable of using numerous carbon (or carbon and nitrogen) sources. Twenty-one compounds of the BIOLOG GN system were metabolised by more than 70% of the strains.
As we have mentioned above, Table 1 shows the differential characteristics of type strains of Halomonas species ordered according to the groups shown in Figure 1 . In this table we refer to assays never made elsewhere, and also to those results which do not agree with previously published data. The variations in the phenotypic features of the different strains of H. eurihalina, H. halophila, H. salina and H. maura are indicated as percentages of strains that give the same responses as the type strains. The results of the chi-squared test and contingency coefficient were 0.6746, 0.6727, 0.6695 and 0.6699 respectively.
We also point out those phenotypic features that clearly distinguish species from each other (Table 3) , among which we indicate some single characteristics that differentiate between given species, such as PHB accumulation, which separates H. halodurans from the other species, phenylalanine deaminase, which was only positive for Halomonas desiderata, and casein hydrolysis for Halomonas halodurans. Halomonas marina was the only species resistant to rifampycin. As far as Halomonas elongata is concerned, it can be clearly differentiated by its capacity to metabolise sebacid acid. Finally, Halomonas marisflavi could easily be distinguished from the other species because of three features: haemolysis (positive), lecithinase (positive) and its resistance to trimetroprim-sulphametoxazol, all of which explains why this species did not cluster at a 62% similarity level with the rest of the species.
Discussion
In the course of our taxonomic studies we can verify that the majority of halophilic microorganisms isolated from hypersaline habitats are Gram-negative rods with a respiratory metabolism and are related to the genus Halomonas. Nevertheless, the differentiation of Halomonas species on the basis of their phenotypic characteristics has so far proved quite difficult for various reasons. In some cases the phenotypic description of a given species has been made on the basis of a relatively low number of characteristics, as occurs for example with Halomonas halodenitrificans (KOCUR, 1984) , H. marina (COBET et al., 1970 ) and several other species described some years ago. Furthermore, the characteristics selected by some authors to describe a species might be different from those selected by other authors; a case in point, the old Deleya species (BAUMANN et al., 1972; 1983) was described using nutritional data alone. In addition, the methodology followed to determine a given characteristic may not always be the same, as for example with acid production from sugars. And finally, some authors have not described the methods used; for example, H. halmophila was originally described in 1940 as Flavobacterium halmephilum (VOLCANI, 1940) ; later, in 1990, DOB-SON et al. added to the description of this microorganism by means of nearly a hundred further tests without, unfortunately, describing the techniques used.
In the review of halophilic microorganisms published by VENTOSA et al. (1998) , the authors included a table summarising the differential features among Halomonas species. For their purpose they relied upon data from When supplied as the sole source of carbon and energy or as the sole source of carbon, nitrogen and energy. Halomonas aquamarina; 2. Halomonas meridiana; 3. Halomonas cupida; 4. Halomonas halmophila; 5. Halomonas pantelleriensis; 6. Halomonas marisflavi; 7. Halomonas elongata; 8. Halomonas eurihalina; 9. Halomonas variabilis; 10. Halomonas venusta; 11. Halomonas magadiensis; 12. Halomonas halodenitrificans; 13. Halomonas maura; 14. Halomonas salina; 15. Halomonas halodurans; 16. Halomonas marina; 17. Halomonas halophila; 18; Halomonas pacifica; 19. Halomonas campisalis; 20. Halomonas desiderata; 21. Halomonas subglaciescola. a When supplied as the sole source of carbon and energy or as the sole source of carbon, nitrogen and energy.
Phenotypic characterisation of Halomonas species 373 original publications of these species and therefore 40% of the species lacked data for more than 30% of the differential characteristics cited. ARAHAL et al. (2002) have recently published a phylogenetic study of the Halomonadaceae family, in which they point out the need for phenotypic data to be used together with their results in a reclassification of the genus Halomonas.
For all these reasons we have characterised the type strains of 21 species of Halomonas via 234 phenotypic tests. Moreover, we have used the same methods throughout, performing the phenotypic tests under consistent, standard conditions to obtain reproducible results ( VAN-DAMME et al., 1996) . It is well known for example that the salt concentration might modify the results of some phenotypic tests; in this way, H. halodurans has been shown to suffer some phenotypic changes when the salt concentration was lowered from 8% to 1.7% (w/v) (HER-BERT and VREELAND, 1987) Thus we chose to carry out our assays at a salt concentration of 7.5 % (w/v), the most appropriate concentration for the growth of the wide range of Halomonas strains we are dealing with.
As can be seen, most of the tests gave the same results as those published elsewhere by the authors who originally described these strains. Nevertheless, some of our results (indicated with asterisks in Table 1 ) did not coincide with the previously published data, although these cases only amounted to 4% of the total. Most of these differences might be due to the different methods used.
We determined some characteristics by a second technique to confirm doubtful results and those of our results which were not in accordance with data obtained from the original reports. For example, to test acid production from sugars, we used two different culture media: Leifson medium, with a low peptone and high carbohydrate content (LEIFSON, 1963) , and MH basal medium (QUESADA et al., 1983) , which had more peptones and a lower carbohydrate content. In this way our results indicated that H. elongata was not able to ferment glucose, just as other authors such as VENTOSA et al. (1998) have also observed.
We also found some differences in the nutritional tests carried out using classical and automated methods. These discrepancies in the results were probably due to their different operational modes: increased growth by assimilation of carbon sources (classical method) or oxidation of substrates via an electron transport chain (BIOLOG method) (RUGER & KRAMBECK, 1994 ). So we distinguished two sets of data, substrate use and substrate metabolism, as recommended by RUGER & KRAMBECK (1994) .
In the case of Halomonas halodurans we studied two cultures from two different collections, DSM and LMG. At first we worked with H. halodurans DSM 5160 T but we found quite significant differences between our initial results and the data published by the authors of the first report, such as acid production from some sugars, H 2 S production and aesculin and Tween 80 hydrolysis and thus we decided to use Halomonas halodurans LMG 10144 T to carry out this study. Other authors have also observed similar discrepancies between strains from different sources JAMES et al. (1990) .
We subsequently determined which tests gave the most conclusive results in differentiating between the phena shown in Figure 1 by means of the analysis described by SNEATH (1980) . Using the selected tests (those with scores of 0.5 or above, cf. Table 2) , we made a second numerical analysis, from which we obtained the same clustering of species (Figs 1 and 2 ). This will allow future researchers to reduce the number of phenotypic data needed to conduct a numerical taxonomic study of such bacteria.
We then went on to make intraspecific comparisons between the type strains of four species described by us, H. halophila (QUESADA et al., 1984) , H. eurihalina (QUE-SADA et al., 1990 , H salina (VALDERRAMA et al. 1991 ) and H. maura (BOUCHOTROCH at al., 2001 ) and other strains of these species. The chi-squared test and that of the coefficient of contingency revealed a high degree of homogeneity between the type strains and the rest of the strains classified within these species, since the contingency coefficient was in all cases close to 0.67 in an interval from 0 to 0.7. Furthermore, the strains belonging to the same species were highly similar to each other, as the results shown in Table 1 indicate.
Our work here represents a thorough phenotypic analysis and the first numerical taxonomic study for the type strains of Halomonas species. To the best of our knowledge this is the first time that the BIOLOG system has been applied to this group of halophilic bacteria. The oxidation of some substrates included in BIOLOG, together with acid production from sugars, leads us to group Halomonas species into three distinct phena. Further to this, enzyme-activity assays and biochemical and physiological tests allow us to distinguish quite clearly between individual species.
We believe that the data contained in this report should be very useful to other researchers working with halophilic microorganisms. Firstly, the data included in the Tables should be of great use to future researchers for identifying an isolate of Halomonas either as a new taxon or a member of an already described species. Secondly, we have determined how to carry out a reliable numerical analysis without using an inordinate number of tests. Many of the tests selected for such an analysis can be made in BIOLOG systems and are therefore easy, reliable and reproducible (Table 2) . Finally, we have been able to discover many essential phenotypic characteristics that distinguish Halomonas species from each other (Table 3) . These characteristics can be determined by tests which are relatively simple but at the same time are highly efficient for species differentiation. The tests reveal physiological, biochemical and nutritional features as well as antimicrobial susceptibility.
Our study also provides the phenotypic data neccesary to complement phylogenetic studies already carried out by other authors working in the field, since it is becoming clear that the taxonomic position of some of species of the genus Halomonas should be reconsidered (ARAHAL et al., 2002) .
